Background: Compression neuropathy of the ulnar nerve at the Guyon canal is commonly seen by hand surgeons. Different anatomical variations of structures related to the Guyon canal have been reported in the literature. A thorough knowledge of the normal contents and possible variations is essential during surgery and exploration. Objectives: To review the recognized anatomical variations within and around the Guyon canal. Methods: This study is a narrative review in which relevant papers, clinical studies, and anatomical studies were selected by searching electronic databases (PubMed and EMBASE). Extensive manual review of references of the included studies was performed. We also describe a case report of an aberrant muscle crossing the Guyon canal. Results: This study identified several variations in the anatomical structures of the Guyon canal reported in the literature. Variations of the ulnar nerve involved its course, branching pattern, deep motor branch, superficial sensory branch, dorsal cutaneous branch, and the communication with the median nerve. Ulnar artery variations involved its course, branching pattern, the superficial ulnar artery, and the dorsal perforating artery. Aberrant muscles crossing the Guyon canal were found to originate from the antebrachial fascia, pisiform bone, flexor retinaculum, the tendon of palmaris longus, flexor carpi ulnaris, or flexor carpi radialis; these muscles usually fuse with the hypothenar group. Conclusion: The diverse variations of the contents of the Guyon canal were adequately described in the literature. Taking these variations into consideration is important in preventing clinical misinterpretation and avoiding potential surgical complications.
Introduction
The Guyon canal is the narrow space located in the wrist through which the ulnar nerve and artery pass. It is named after the French surgeon Jean Casimir Félix Guyon, who originally described it in 1861. 1 The Guyon canal is recognized as a potential site of pathology leading to ulnar nerve compression. The compression of the ulnar nerve in the wrist was described in 3 different zones. 2, 3 Zone I compression occurs proximal to or within the Guyon canal, before the nerve bifurcation, and presents with combined motor and sensory deficits. Zone II compression, involving only the deep motor branch, occurs as the ulnar nerve exits the Guyon canal or at the hook of the hamate level. Zone III compression, with isolated superficial sensory branch involvement, may also occur as the nerve exits the Guyon canal or at the hook of the hamate distal to the bifurcation. Several anatomical variations in the Guyon canal and the surrounding compression zones were reported. A thorough knowledge of these variations is critical both during clinical assessment and surgical release of the nerve.
This study is a narrative review of relevant papers selected by searching electronic databases (PubMed and EMBASE). Extensive manual review of references of the included studies was also performed. We reviewed the recognized variations in the anatomical structures related to the Guyon canal including nerves, vessels, muscles, and tendons. In addition, we are reporting a case of an aberrant muscle crossing the Guyon canal. The patient granted full consent for photographic documentation and publication of clinical information in the present article.
Normal Anatomy
The Guyon canal is situated between the pisiform and the hook of the hamate in the proximal hypothenar region (Figure 1 ). Within the Guyon canal, the ulnar nerve usually lies slightly deep and ulnar to the ulnar artery. The canal also contains the vena comitans of the ulnar artery in addition to connective fatty tissue. It measures approximately 40 to 45 mm in length, extending from the proximal edge of the palmar carpal ligament to the fibrous arch of the hypothenar muscles at the level of the hook of the hamate distally. [3] [4] [5] [6] The boundaries of the Guyon canal are formed by several surrounding anatomical structures. The palmar carpal ligament, palmaris brevis, and hypothenar connective tissue form the roof of the canal. The structures forming the floor of the canal include the transverse carpal ligament, pisohamate ligament, pisometacarpal ligament, and the tendons of the flexor digitorum profundus and opponens digiti minimi. The medial wall is formed by the pisiform, the abductor digiti minimi, and the tendon of the flexor carpi ulnaris. The lateral wall boundaries of the canal are the hook of the hamate, the transverse carpal ligament, and the flexor tendons. [3] [4] [5] [6] [7] [8] 
Variations of the Ulnar Nerve

Overview
The ulnar nerve typically divides into 2 terminal branches within the Guyon canal, the superficial sensory branch and the deep motor branch. The former runs distally over the hypothenar muscles and bifurcates into the common digital nerve of the ring finger and the ulnar proper digital nerve of the little finger. The deep branch passes through the canal and turns around the medial side of the hook of hamate and continues on a distal and radial course to reach the deep palmar space. [3] [4] [5] [6] [9] [10] [11] Table 1 summarizes the ulnar nerve anomalies within and around the Guyon canal.
Variation in the Terminal Division of the Ulnar Nerve
In the literature, several ways in which the ulnar nerve divides in the Guyon canal were described. The most commonly described patterns are bifurcation, trifurcation, and anomalies of these divisions. These patterns were described radiologically by Niitsu et al, 12 who reported that bifurcation occurs within the canal (distal to the mid-portion of the pisiform), just past the inlet of the canal (the proximal portion of the pisiform) and prior to entering the canal. Trifurcation pattern may occur by the division of the ulnar nerve into 2 branches, one of which further divides, resulting in 3 branches exiting the canal. Another reported trifurcation pattern of the ulnar nerve in the Guyon canal is the direct division into 3 branches at the proximal portion of the pisiform.
Murata et al 10 explicitly classified the division patterns of the ulnar nerve ( Figure 2 ). The most frequent pattern observed in the literature was bifurcation of the ulnar nerve into deep motor branch and superficial trunk distal to the distal border of pisiform. The superficial trunk further divides into the ring finger common digital nerve and the ulnar proper digital nerve of the little finger. This type has a frequency of occurrence that ranged from 66% to 86%. [10] [11] [12] [13] [14] Moreover, the main ulnar trunk may trifurcate into a deep motor branch, the fourth common digital nerve and the ulnar proper palmar digital nerve of the little finger just past the distal border of pisiform. Trifurcation of the ulnar nerve has been fairly described in multiple anatomical studies, and it occurs in 13% to 22% of people. Cases with trifurcation proximal to the Guyon canal have been rarely reported, and in 1 case, 1 of 3 branches passed solely underneath the flexor retinaculum. 9, 11 In rare cases, the ulnar nerve bifurcates around the pisiform and reunites distal to the pisiform in an encircling pattern. 15, 16 Few aberrant branches of the ulnar nerve have been reported. One branch was given off about 8 cm proximal to the pisiform and passed distally to join the superficial branch of the ulnar nerve distal to the distal edge of the pisiform. 17 Another branch, arising 13 cm proximal to the pisiform, coursed distally along the ulnar artery and passed through the Guyon canal, then joined the common palmar digital nerves of the ring finger and middle finger. 18 
Variation of the Deep Motor Branch of the Ulnar Nerve
Various branching patterns of the deep motor branch to the hypothenar muscles have been described. 13, 19 Generally, muscles receive cross-innervation from the main branches, which range from a single main branch to 4 branches. 10, 13, 19 The most common pattern of branching is 2 main branches to supply the hypothenar muscles. 19 Murata et al 10 described 4 arborization patterns of the deep branch of the ulnar nerve to the abductor digiti minimi. 10 Type 1 is the most prevalent pattern, where the motor branch arises distal to the Guyon canal. In type 2, there are 2 motor branches; 1 branch arises within the Guyon canal and another branch arises distal to the canal. The ulnar nerve in some cases trifurcates within the Guyon canal into a superficial trunk, a deep branch, and a motor branch to the abductor digiti minimi (type 3). The motor branch to abductor digiti minimi (ADM) can also arise from the main trunk of the ulnar nerve within the Guyon canal (type 4).
Bifid deep motor branch of the ulnar nerve has been reported in different case reports with 20,21 or without neural loop distal to the hook of the hamate. 22 In an anatomical study of 77 cadavers, neural loop of the deep motor branch was noticed to pass around the hook of the hamate in 9% of dissected cadavers. 23 The presence of anomalous neural communications might alter the classical clinical presentation, which can cause clinical confusion.
Variation of the Superficial Sensory Branch of the Ulnar Nerve
A number of variations involving the superficial sensory branch(es) of the ulnar nerve have been reported in the literature. In addition to having a single superficial branch of the ulnar nerve, 2 distinct sensory branches and a trifurcated sensory nerve were described. 10, 11 In 1 case, the superficial branch of the ulnar nerve continued as a common palmar digital nerve to the ring finger. 24 
Unusual Course of the Ulnar Nerve
The presence of the ulnar nerve within the carpal tunnel has been rarely encountered in the literature. This atypical course was first described in a case report by Eskesen et al 25 and was then followed by 2 other reports. 26, 27 In addition to signs and symptoms of carpal tunnel syndrome, these patients express numbness and paraesthesias of the ulnar digits and hypothenar muscle wasting. In both reports, the Guyon canal contained only a small ulnar artery. 26, 27 Galzio et al found that the ulnar nerve was atrophic distally, where it bifurcated into superficial and deep branches. 26 
Communication With the Median Nerve
Several types of unusual communications between ulnar and median nerves were described in the literature. 28 These anomalies result in atypical sensory and motor symptoms, which might confuse the treating surgeon. 29 In the forearm, the Martin-Gruber anastomosis is a well-described anomalous connection in which a communicating branch originates from the median nerve to the ulnar nerve. [29] [30] [31] The incidence of this is reported to be 11% to 24% in anatomic studies, whereas electrophysiological studies revealed a slightly higher range of 15% to 39%. 29, [32] [33] [34] [35] Isolated ulnar nerve lesions at a level higher to the anastomosis may result in an atypical presentation of intrinsic muscle denervation. 28 Marinacci communications are a very uncommon connection in the forearm, which describe an ulnar-to-median communication. 36, 37 Hence, it is also called a reverse Martin-Gruber anastomosis. Its reported incidence ranged from 1.3% to 16.7%. [38] [39] [40] In the hand, the Riche-Cannieu anastomosis is a connection between the deep branch of the ulnar nerve and the recurrent branch of the median nerve in the palm (Figure 3 ). It has a high incidence reaching up to 83.3%. 38 Riche-Cannieu anastomosis can present as an all ulnar hand, a condition that motor and sensory are supplied solely by the ulnar nerve, 41 or an ulnar innervation of all thenar muscles. 42 Berrettini anastomosis, or superficial palmar anastomosis, is a branch that communicates common digital nerves arising from the ulnar and median nerves in the palm, resulting in changes in sensation of the third and fourth digits. 43, 44 Incidence of this branch was found to be about 81% (Figure 3 ). 45 Ramus communicans is a sensory deep communication branch between the fourth palmar common digital nerve that arises from the ulnar nerve and the third palmar common digital nerve that arises from the median nerve. 45 It has a high incidence reaching up to 90%, and hence, it was considered to be a normal structure rather than an anomaly. 28, 45, 46 Other reported variations included an anastomosis between the palmar cutaneous branch of the ulnar nerve and the third common digital nerve, a superficial anastomosis in the palm between the ulnar and median nerve 9, 47 or a deep anastomosis between the deep branch of the ulnar nerve and median nerve. 48 Variation of the Dorsal Cutaneous Branch of the Ulnar Nerve Kaplan 49 described an accessory atypical branch arising from the dorsal cutaneous branch of the ulnar nerve directly to the superficial terminal branch, traversing to the palmar side, and passing the ulnar head on the medial side of the pisiform. This branch joins the palmar sensory branch of the ulnar nerve after passing the pisiform. This nerve was named "Kaplan's accessory branch," and several variations of this branch were eventually reported. 50 These variations were described as having a terminal connection to the main trunk of the ulnar nerve in the Guyon canal, 50 to the sensory branch of the ulnar nerve, to the proximal motor branch of the ulnar nerve, 51 to the ulnar digital nerve of the little finger midway at the hypothenar eminence, 24 or at the proximal interphalangeal joint of the little finger. It was also found as a continuing separate branch into the little finger. 9,52 
Variations of the Ulnar Artery
Overview
The ulnar artery passes along the ulnar nerve through the Guyon canal and then divides into superficial and deep branches, forming the superficial palmar arch and deep palmar arch, respectively. 9, 53 Table 2 summarizes the ulnar artery anomalies within and around the Guyon canal.
Branching Patterns of the Ulnar Artery
The majority of anatomical variations of the ulnar artery in the Guyon canal are related to the branching pattern. The main trunk of the ulnar artery typically divides into superficial and deep branches, which occurs in the Guyon canal. Variations of the arterial branches that accompany the deep branch of the ulnar nerve and the branch that supply the hypothenar muscles were described in different studies. In the majority of the reports, the most common pattern is finding the deep branch of the ulnar nerve accompanied with an arterial branch arising from the main trunk of the ulnar artery in the Guyon canal. Although the deep branch of the ulnar artery originates distally within the canal, it passes between the flexor tendon sheath of the little finger and the flexor digiti minimi, joining the deep branch of the ulnar nerve in the mid-palmar space. 8, 9, 13, 54, 55 However, a different study reported that the most common pattern was observing the deep branch of the ulnar nerve accompanied with an arterial branch (the deep branch) originating from the ulnar artery, which then leaves the canal to reach the mid-palmar space. 54 Moreover, cases with no arterial branch that accompanies the deep branch of the ulnar nerve in the canal have been observed. This pattern may include another arterial branch that joins the deep branch of the ulnar nerve distally in the mid-palmer space. 9 The deep palmar arch is commonly formed by the anastomosis of the deep volar branch of the radial artery and the deep branch of the ulnar artery which is given off distally and enters the mid-palmar space. 54, 56 The deep palmar arch was also found to be formed by an anastomosis of the deep volar branch of the radial artery and the arterial branch accompanying the deep branch of the ulnar nerve in the Guyon canal. 56 Less commonly, an anastomosis of the deep volar branch of the radial artery with both the arterial branch accompanying the deep branch of the ulnar nerve and the deep branches of the ulnar artery forms the deep palmar arch. 54, 56 In 1 case, no deep palmar arch was found in the hand. 54 
The Dorsal Perforating Artery
This variant branch has been rarely described in the literature. It is given off from the arterial branch of the ulnar artery that accompanies the deep branch of the ulnar nerve distally in the Guyon canal and contributes to the dorsal carpal arterial arch. 54, 57 Knowing this variant branch is particularly important because it passes along with the arterial branch that accompanies the deep branch of the ulnar nerve in the canal where injury may occur.
The Superficial Ulnar Artery
The superficial ulnar artery is a well-described anomaly and has been reported to occur approximately between 0.7% and 9.4%. 53, 58 The superficial ulnar artery arises from the brachial artery and passes in the forearm superficial to the pronator teres and flexor muscles and deep to the antebrachial fascia. In the hand, this artery and the superficial branch of the radial artery form a superficial palmar arch. High origin of the superficial ulnar artery from the brachial artery has also been described, with a prevalence ranging from 0.67% to 9.38%. 59 Less commonly, the superficial ulnar artery originates from the axillary artery or as a continuity of a superficial brachial artery. 53, 60 
Unusual Course of Ulnar Artery
In an isolated anomaly, the ulnar artery passes superficial to the palmaris brevis at the level of the Guyon canal and divides distally in a normal pattern. 61 
Muscle Anatomical Variations
Case Report
A 46-year-old right-hand-dominant male labourer presents with a 3-month history of constant numbness and progressive weakness in the small and ring fingers of his left hand. He describes clumsiness and a loss of manual dexterity. On physical examination, he has severe intrinsic muscle atrophy and weakness. He also has reduced light touch sensation and prolonged 2-point discrimination over the left ulnar nerve distribution. He has a clearly positive Tinel sign at the left elbow and wrist, as well as a positive elbow flexion test. Scratch collapse test is positive at both cubital tunnel and Guyon canal. Electrodiagnostic studies confirm these clinical findings. The patient underwent a left Guyon canal, cubital tunnel, and carpal tunnel release surgery, in addition to a left distal anterior interosseous nerve to ulnar motor nerve transfer. During the release of the Guyon canal, an anomalous muscle was identified at the volar surface of the forearm entering the Guyon canal over the site of compression. The muscle had an origin from the tendon of the palmaris longus and inserted into the hypothenar muscles Table 2 . Anomalies of the Ulnar Artery Within and Around the Guyon Canal.
Ulnar Artery Anomalies
Variation in branching patterns of the ulnar artery in the Guyon canal The dorsal perforating artery Superficial ulnar artery High origin of the superficial ulnar artery Anomalous course of the ulnar artery ( Figure 4 ). The anomalous muscle was resected and the procedure was completed successfully with no complications. Upon follow-up, signs of sensory recovery were seen in the ulnar nerve distribution within 2 months.
Aberrant Muscles Related to the Guyon Canal
Different variations in the muscles around the Guyon canal were described in the literature. Several authors reported variations related to the origin, insertion, fusion, or absence of any of the hypothenar muscles, most frequently the abductor digiti minimi. 10 However, aberrant muscles are the most clinically relevant variations. Aberrant muscles related to the Guyon canal are identified in about 22% to 35% of the population. 10, 17, 62, 63 Dodds et al 17 reported a series of dissections of 58 paired cadaver wrists. Thirteen anomalous muscles were found. Six of the 13 muscles were bilaterally paired. Ten muscles had their origin from the antebrachial fascia, most of which originated just proximal to the wrist. Three had their origin from the lateral side of the pisiform and the palmar carpal ligament. All 13 muscles followed the abductor digiti minimi and inserted on the ulnar side, base of the proximal phalanx of the small finger.
Zeiss et al 62 analyzed the wrists of 42 asymptomatic individuals by magnetic resonance imaging and noted the prevalence of muscular anomalies in the volar aspect of the wrist. Ten of the 42 wrists demonstrated anomalous muscles along the ulnar side of the wrist, with a length ranging from 12 mm to 8 cm. They originated along the distal half of the forearm to the wrist area, from the antebrachial fascia or palmar carpal ligament between the flexor carpi ulnaris and palmaris longus. Two muscles were attached to the palmaris longus tendon at their origin. All of the muscles traveled into the Guyon canal and inserted with the abductor or flexor digiti minimi muscle.
The study by Harvie et al 63 reported a series of 58 volunteers (116 wrists) examined by ultrasound to identify anomalous muscles in the Guyon canal. Anomalous muscles were identified in 41 wrists, with a higher prevalence in males. Bilateral muscles were present in 50% of cases in both sexes. All anomalous muscles were described as variants of abductor digiti minimi. The origin could not be accurately defined in all cases. However, the findings from most cases were suggestive of an origin either from the pisiform bone or the antebrachial fascia.
Murata et al 10 dissected the hypothenar region of 35 hands from 20 cadavers. An aberrant muscle was identified in 9 hands. The authors classified these aberrant muscles into 4 types. In variation 1 (5 hands), the aberrant muscle originated from the flexor retinaculum. In variation 2 (2 hands), the muscle originated from the antebrachial fascia. These 7 muscles lied volar to the neurovascular bundle in the Guyon canal and fused into the ADM distally. In variation 3 (1 hand), a short aberrant muscle originated from the pisiform and inserted into the flexor retinaculum, lying over the ulnar nerve and separating it from the ulnar artery. In variation 4 (1 hand), the aberrant muscle originated from the pisiform and inserted onto the volar aspect of the fifth metacarpal head.
Several case studies reported similar aberrant muscles related to the Guyon canal. 16, [64] [65] [66] In addition, muscles originating from the tendon of the palmaris longus [67] [68] [69] [70] and less frequently from the flexor carpi ulnaris 71, 72 or flexor carpi radialis were reported. 73 The reported aberrant muscles are summarized in Table 3 .
Discussion
This study identified several variations in the anatomical structures of the Guyon canal reported in the literature. Variations of 45 For example, patients with a median-ulnar nerve communication who sustain trauma or compression neuropathies may present with atypical functional (motor or sensory) deficits. 10, 45 Moreover, care must be taken to avoid iatrogenic injury to nerves when surgically exploring the Guyon canal or the area surrounding it. Avoiding nerve damage is particularly important in case of nerve communication, thus decreasing the likelihood of post-operative neuropathic pain. 74 Ulnar artery variations involved its course, branching pattern, the superficial ulnar artery, and the dorsal perforating artery. Palpable arterial pulses in unusual regions, absence of pulses in usual regions, or uncontrolled bleeding after superficial incisions may raise suspicion of superficial arterial anomalies (eg, superficial ulnar artery). 60 Knowledge of the precise course and branching pattern of the ulnar artery is critical to avoid unexpected complications during hand or wrist surgery.
Aberrant muscles crossing the Guyon canal were found to originate from the antebrachial fascia, pisiform bone, flexor retinaculum, the tendon of palmaris longus, flexor carpi ulnaris, or flexor carpi radialis; these muscles may insert into 1 or more of the hypothenar muscles, flexor retinaculum, or the head of fifth metacarpal. In most cases, the aberrant muscle fuses with abductor digiti minimi, thus earning the description of an accessory abductor digiti minimi by many authors. 10, 17, 62 Our case represents a good example of these aberrant muscles that could potentially represent a source of ulnar nerve compression causing significant symptoms.
The association of the anatomical variations of the Guyon canal with different clinical conditions was described in the literature. Several papers reported compression neuropathy due to an aberrant hypothenar muscle. 16, 65, [75] [76] [77] Additionally, an aberrant muscle may also be associated with thrombosis of the ulnar artery. 71, 78 Thus, appropriate recognition of the previously described variations by hand surgeons is important to avoid clinical misinterpretation and potential surgical complications.
